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Abstract
Background and aim: Postprandial hyperlipidaemia has been associated with acute 
cardiovascular effects e.g. endothelial dysfunction and peripheral vasodilatation. 
Oats have known health benefits, and may reduce the transient, post-prandial 
endothelial dysfunction. The aim of this short study was to investigate if markers of 
endothelial function pulse wave velocity (PWV) and augmentation index corrected 
for heart rate (AIx@75) are affected by a meal with varying levels of saturated fat, 
with or without oatmeal.
Methods and results: Fourteen subjects (aged between 22 and 51 years) were 
recruited. On their first visit, following baseline measurements of anthropometry, 
blood pressure (BP), heart rate (HR), PWV and AIx@75, they were given one of 
three meals (low fat, high fat, and high fat with 60g oatmeal) in a randomised 
order. Subjects returned three hours later for re-assessment of BP, PWV and 
AIx@75. Visits two and three followed the same protocol, but only BP, HR, PWV 
and AIx@75 were measured. There was a significant correlation between baseline 
PWV and systolic pressure (p<0.02), and AIx@75 and diastolic pressure (p<0.005). 
AIx@75 was positively related to BMI and waist circumference (p<0.01 and 
p<0.005 respectively). AIx@75 fell following the high fat meal (p<0.05), but not 
when oats were taken. Heart rate increased following the high fat meal with oats 
(p<0.05), but no differences were found between fasting and postprandial PWV 
after any of the meals.
Conclusion: AIx@75 was correlated with BMI and waist circumference. The 
decrease in AIx@75 following the high fat meal requires further investigation, and 
AIx@75 is possibly a more sensitive marker of arterial compliance than PWV in a 
young healthy population.
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Introduction
Cardiovascular disease (CVD) is the leading cause of death in the 
adult population worldwide, with over 7 million related deaths 
annually. Known risk factors contributing to the development 
of CVD are obesity, sedentary behaviour, poor lipid profiles, 
hypertension and diabetes [1]; non-modifiable risk factors include 
age, gender and family history [1], but these are less important 
in terms of promoting overall health. Changes in the structure 
and responsiveness of the blood vessel wall brought about by 
atherosclerosis are possibly the most important underlying 
pathological process for cardiovascular disease [2]. A change 
in endothelial function is one of the earliest warning signs of 
cardiovascular disease, which occurs naturally with age [3].
Currently non-invasive methods such as flow mediated dilatation 
(FMD), pulse wave velocity (PWV) and pulse wave analysis (PWA) 
are used identify the risk of CVD, e.g. endothelial dysfunction, 
arterial compliance, central systolic pressure [4]. PWV has 
emerged as an independent predictor of CVD prognosis [5], 
and has significant relationships with body composition, blood 
pressure, dietary and lifestyle factors. Augmentation index (AIx) 
is one form of pulse wave analysis (PWA) and is determined by 
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arterial compliance and peripheral wave reflections [6]. Since 
AIx decreases with increasing heart rate [7, 8], AIx should be 
corrected to a value relative to a heart rate of 75 bpm, AIx@75 
[7, 8].
Obesity, especially central obesity is an important risk factor 
for cardiovascular disease, and around 25% of men and 26% of 
women are classified as being obese in Scotland [9]. In addition, 
the percentage of men with a raised waist circumference (>102 
cm) reflecting visceral and central adiposity, is steadily rising, with 
25% of men and 34% of women (>88 cm) being at increased risk.
Recommendations for dietary fat intake in the UK are currently 
<35% of total food energy, as <11% saturated fat, 6.5% poly-
unsaturated fat, 13% mono-unsaturated and <2% trans fats [10]. 
A single high saturated fat meal negatively affects endothelial 
function, as measured by FMD [11-13] and PWV [14, 15] 
with additional increases in blood pressure and triglyceride 
concentrations [16], although Djousse et al. [17] found no 
significant effects of a high fat meal on FMD or PWV respectively.
Vogel et al. [11] further explored the acute effects of fat on 
cardiovascular health, by testing meals which included extra virgin 
olive oil, canola oil and canned red salmon (the latter two meals 
containing 5-6 g of omega-3 fatty acids). Results clearly indicated 
deterioration in FMD (interpreted as impairment of endothelial 
function) following the olive oil-based meal as compared with the 
omega-3 rich meals, suggesting saturated fat may not be the only 
type of fat to negatively affect cardiovascular health. Raitakari et 
al. [18] also investigated the effects of different fats, limiting the 
study to saturated and mono-unsaturated fats. Like Vogel et al. 
[11], findings showed a significant reduction in FMD following 
the high mono-unsaturated fat meal, thus these studies suggest 
a beneficial effect of omega-3 fatty acids on endothelial function 
with poor support for unsaturated and mono-unsaturated fats.
Studies with oats have indicated that this cereal could influence 
blood glucose and cholesterol levels [19], an effect which does 
not seem to exist with other cereals [20] and prompting health 
campaigns to promote oats as having the ability to reduce the 
risk of heart disease (e.g. ‘The Heart Heath Roadshow’ [21]). 
Much of the research has concentrated on the ability of oats to 
improve lipid profiles, to lower blood pressure and to control 
blood glucose; positive results have primarily emerged promoting 
the addition of oats to the daily diet [22]. Among others, the 
β-glucan content is considered to be an active component 
of the cholesterol lowering effect [23]. While the effects of 
β-glucan and other soluble fibres have been associated with 
reduced risk of CVD, their effect on endothelial function has had 
limited investigation. Katz et al. [24] found that oats prevented a 
decrease in endothelial responses after a high fat meal whereas 
wheat intake failed to have an effect. In a follow-on study, Katz et 
al. [25] failed to find significant benefits of acute or long term oat 
intake on endothelial function, as measured by FMD, although 
the trends pointed to an improvement. The acute effects of 
a high fat meal on vascular function are still a debatable topic, 
with very inconsistent results, and hence this present study was 
aimed at assessing the effect of a single meal with low, or high 
fat content on endothelial function, and the effect of oats on the 
response to the high fat meal. The aim of this study therefore was 
to investigate if a meal rich in saturated fat with or without oats 
affects arterial compliance, as measured by pulse wave velocity 
(PWV) and augmentation index corrected for heart rate (AIx@75).
Methods
This project had ethical approval from the Queen Margaret 
University Research Ethics Committee. A total of 14 subjects 
aged between 22 and 51 years volunteered to participate in 
the study. Subjects were recruited through Queen Margaret 
University (QMU) by a moderator email. All subjects volunteered 
to participate after being fully informed about the research. Each 
subject provided written consent in accordance with QMU’s 
Research Ethics Committee. Subjects were excluded if they had 
previously been diagnosed with cardiovascular disease or type 2 
diabetes (T2DM).
Overall experimental design
Subjects were required to make three visits to the testing lab 
at QMU. On the first visit, subjects were asked to complete 
a general health questionnaire and had a number of 
anthropometric measurements taken, i.e., height, body mass 
and waist circumference. Blood pressure (BP), heart rate (HR), 
pulse wave velocity (PWV) and augmentation index (AIx) were 
also measured. Subjects were required to fast overnight for 12 
hours and to refrain from smoking and caffeine intake during this 
period. It was also requested that no strenuous physical activity 
to be performed in the 24 hours prior to the testing. After all 
measurements were complete, subjects were given one of three 
meals in random order and asked to consume 100% of the meal. 
Three hours after consumption of the meal, subjects were asked 
to return to the testing lab for blood pressure, heart rate, PWV 
and AIx@75 measures to be re-taken. During the three hour time 
interval subjects were asked to refrain from food and fluid intake 
(with the exception of water), smoking and exercise. Visits 2 and 
3 followed the same protocol, but only blood pressure, heart 
rate, PWV and AIx@75 measures were taken.
Meal composition
One of the following three meals was provided on each of the 
three visits after fasting measurements were obtained. The meals 
(Table 1) were provided in a randomised order and subjects were 
asked to consume 100% of each meal.
Meal A
Meal A represented a low fat meal. In line with recommendations, 
it had 33% of energy coming from fat [10]. The meal consisted 
of: a white bread cheese sandwich (two slices of low fat cheddar 
cheese, 7 g low fat spread), 125 g low fat cheesecake, 200 ml 
semi-skimmed milk. 
Meal B
Meal B represented a high saturated fat meal and consisted of: a 
white bread cheese sandwich (two slices of cheddar cheese, 7 g 
butter portion), 125 g chocolate cheesecake, 200 ml full fat milk.
Meal C
Meal C was a combination of Meal B+60 g of rolled oats served 
as porridge. The porridge was made using water, to which the 
subjects could add their 200 ml of full fat milk if they wished. 
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The 60 g serving of porridge also contained an estimated 3 g of 
β-glucan. There was a washout period of one week between each 
meal day [24, 26].
Anthropometric measurements
Height and body mass were measured to the nearest 0.1 cm and 
0.1 kg respectively. Subjects were weighed bare foot and with 
excess clothing removed. BMI was calculated using the formula: 
(Weight (kg) / (Height (m))2.
Waist circumference
Waist circumference was measured twice, with the subject in a 
standing position, to the nearest 0.1 cm, with a non-elastic tape 
and an average taken. If the measurements differed by more 
than 2 cm, a third reading was taken and the results averaged. 
The measurement was taken at the level of the trunk where the 
girth was minimal, or if there was no noticeable indentation, 
the measurement was taken midway between the lowest rib 
(laterally) and the iliocristale landmark.
Blood pressure
Resting blood pressure was taken in the morning of the three 
visits, and three hours after consumption of the test meal. An 
automated sphygmomanometer (Omron 705CP-II, UK) was used 
to measure blood pressure. The subject was asked to sit upright 
for at least 10 minutes prior to the measurement being taken. 
The cuff was then wrapped firmly around the upper arm at heart 
level, ensuring no kinks in the air hose. The artery marker on the 
cuff was aligned with the brachial artery. An appropriate cuff size 
was used to ensure accurate measurement. Three measurements 
were taken with a minimum of 1 minute apart. The first measurement 
was discarded and an average of the final two calculated, based 
on the procedures recommended by the UK Government and the 
American Hypertension Association [27, 28].
Pulse wave velocity (PWV)
PWV was measured using the Vicorder (Skidmore Medical, UK). 
The distance travelled by the pulse wave (cm) was measured from 
the supra-sternal notch to the top of the femoral cuff. Subjects 
were asked to lie in a supine position with their head/chest at 
a 30 degree angle to the horizontal as per the manufacturer’s 
instructions. A neck cuff was placed around the subjects’ neck 
with the pressure pad over the right carotid area. A 100 mm 
wide blood pressure cuff was placed around the subjects’ right 
upper thigh to measure the femoral pulse. Subjects were asked 
not to sleep nor speak during the measurements. The cuffs were 
each inflated to 60 mm Hg and waveforms recorded. Three 
measurements were taken with a minimum of 1 minute between 
each measurement and the results averaged. This protocol was 
completed first in a fasted state (baseline) and three hours after 
each meal.
Augmentation index (AIx)
Augmentation Index (AIx) was also measured using the Vicorder. 
A 100 mm cuff was placed around the subjects’ right upper arm. 
With the previously recorded brachial blood pressure as the 
calibrating measure, brachial arterial pressure waveforms were 
captured. For a single reading the waveforms were collected for 
a minimum of 12 seconds or until a steady pattern of waves were 
established. Three measurements were taken with a minimum of 
1 minute between each measurement, and the results averaged. 
AIx@75 was assessed in a fasted state and 3 hours after each 
meal.
Statistical analysis
Graphpad Prism (v5.01, Graphpad Software, USA) was used 
to analyse and plot the data, with statistical significance being 
accepted at the p<0.05 level of confidence. One way or two 
way analysis of variance (1- or 2- way ANOVA, with Bonferroni 
correction for multiple testing) and Student’s paired “t test” were 
used to test for significance amongst variables, or between paired 
observations. Comparisons were by standard linear regression. 
The independent variables were Systolic BP, Diastolic BP, Body 
Mass Index, and Waist Circumference; the dependent variables 
were Pulse Wave Velocity and Augmentation Index corrected for 
heart rate at 75 bpm. Results are shown as mean values ± SEM
Results
Subject characteristics
The physical characteristics for the entire study population are 
shown in Table 2. A total number of 14 subjects were involved in 
the study, and all subjects completed each stage of the research. 
Subjects were aged between 22 and 51 years and had no previous 
diagnosis of CVD or diabetes.
Baseline relationships
These are summarised in Table 3. PWV was correlated with 
systolic but not diastolic blood pressure (p<0.02, r=0.618), 
whereas AIx@75 was not related to systolic, but showed a 
positive, linear relationship with diastolic pressure (p<0.005, 
r=0.741). There were no significant correlations between either 
waist circumference or BMI and PWV, but both BMI and waist 
circumference showed a significant positive relationship with 
AIx@75 (p<0.01, r=0.682 and p<0.005, r=0.719 respectively).
Effects of meals
Baseline and postprandial measures of blood pressure, PWV 
and AIx@75 measures are presented in Table 4 for each of the 
interventions employed in the study. There were no significant 
differences amongst the baseline values for each parameter with 
respect to meal type prior to each test meal, nor amongst the 
magnitude of post-prandial response (1 and 2-way ANOVAs). 
Meal Fat (g) Saturated Fat (g) Fat as % of Energy Saturated Fat as % of Energy kCalories Oats (g)
A) Low Fat 26 13 33% 16% 700 --
B) High Fat 60 37 57% 35% 950 --
C) High fat+oatcakes 65 37 50% 28% 1160 60
Table 1 Composition of the meals.
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None of the meals produced any changes in PWV. Heart rate 
increased significantly (+4.4 bpm 95% CI 0.3 to 8.5 bpm) following 
the high-fat meal with oats (p<0.05), and AIx@75 decreased 
(-3.9%, 95% CI -7.6 to -0.2%) after the high-fat meal (p<0.05), an 
effect which was abolished when oats were incorporated in the 
high-fat meal.
Discussion
The influence of a high-fat meal, body mass index (BMI) and waist 
circumference (WC) on the surrogate markers of endothelial 
function pulse wave velocity (PWV) and augmentation index 
(AIx) were the key areas of interest. As expected, this study 
found positive correlations between AIx, BMI and WC, but no 
associations with PWV were found which is in agreement with 
previous studies investigating the relationship between AIx, BMI 
and WC which have found these measures of adiposity to be 
strong predictors of arterial compliance [29].
The major aim of this study was to investigate the acute effects 
of a high fat meal on arterial compliance, and the effect of oats. 
It was hypothesised that a high fat meal would decrease arterial 
compliance as previously reported [14, 15]. Instead our finding 
supported that of Berry et al. [30], in that a high fat meal has 
no acute effects on arterial compliance as measured by PWV. 
Previous studies have produced conflicting results, and although 
the type of fat has proven to be an important factor, our chosen 
high fat meal contained a significant proportion of saturated 
fat (35% of total energy), which has previously been shown to 
negatively affect arterial compliance [31]. In addition this study 
adhered to the guidelines advised by [32], on how best to prepare 
subjects for PWV measurement, i.e., fasting, avoidance of caffeine 
and smoking, positioning of subject during the measurement. 
However, the significant decline in AIx@75 (also a measure 
of arterial compliance) following the high fat meal confounds 
matters further. Assuming that AIx@75 is an indicator of arterial 
compliance, this implies that the consumption of a high fat meal, 
improves arterial compliance. Although this is contrary to what 
was hypothesised by us, Westerbacka et al. [33] also found 
similar results. The fact that AIx@75 decreased significantly 
following the high fat meal suggests that the fat component may 
still have a role to play. Alternatively, it may be due to the higher 
calorie content of the high fat versus the low fat meal. This is 
a limitation of our study, whereby the high fat meal contained 
36% more calories than the low fat control. However the most 
plausible mechanism for our finding is likely to be related to 
the action of insulin, although the hormone was not measured 
in this study. Insulin bound to its receptor has been found to 
have a vasodilatory effect through the release of nitric oxide 
(NO), by increasing endothelial nitric oxide synthase (NOS [34]). 
Raitakari et al. [18] found a direct relationship between forearm 
blood flow and the rise in insulin levels following and reported 
a significant increase in baseline diameter using FMD, though 
the apparent reduction in FMD% itself did not reach statistical 
significance. A similar change in baseline arterial diameter has 
been reported by Harris et al. [35] following a high-fat meal. In 
addition, the inhibition of eNOS has been found to increase aortic 
compliance, as measured by PWV [36]. This would suggest that 
if the vasodilatory effects of insulin occurred in this study, due 
to increased activity of eNOS, markers of arterial compliance 
would not be negatively affected by the high fat meal, and indeed 
may explain the improvement observed here since the arteries 
are already in a dilated state. Westerbacka et al. [33] further 
Physical Characteristics Mean Value Total  N
Age (yrs) 31.0 ± 2.1 14
Body Mass (kg) 72.7 ± 4.2 14
Height (cm) 170 ± 2 14
Body Mass Index (kg. m-2) 24.1 ± 1.1 14
Waist Circumference (cm) 78.7 ± 3.3 14
Table 2 Physical characteristics of study sample.
Pulse Wave 
Velocity (m.s-1)
Augmentation 
Index at 75 bpm 
(%)
Baseline Parameter r p r p Total N
Systolic BP (mm Hg) 0.618 <0.02 0 NS 14
Diastolic BP (mm Hg) 0.432 NS 0.741 <0.005 14
Body Mass Index (kg. m-2) 0.286 NS 0.682 <0.01 14
Waist Circumference (cm) 0.421 NS 0.719 <0.05 14
Table 3 Correlations between baseline (pre meal) parameters.
Cardiovascular 
Characteristics
Meal
N =Low Fat High Fat High Fat + Oats
Pre Post
Change
(LCI-UCI)
Pre Post
Change
(LCI-UCI)
Pre Post
Change
(LCI - UCI)
Systolic BP 
(mm Hg)
116.4 ± 4.1 115.0 ± 3.5 -1.4 (-5.2-2.3) 114.9 ± 3.2 117.5 ± 4.1 2.6 (-1.4–6.7) 115.7 ± 3.8 118.4 ± 3.9 2.7 (0.3–5.1) 14
Diastolic BP 
(mm Hg)
71.9 ± 3.0 70.2 ± 2.7 -1.7 (-4.2-0.8) 70.6 ± 2.6 70.2 ± 2.6 -0.4 (-2.2–1.4) 70.8 ± 2.6 72.0 ± 2.7 1.1 (-1.9–4.2) 14
Heart rate 
(bpm)
58.5 ±  2.3 60.7 ± 3.1 2.2 (-3.4-7.8) 58.7 ± 2.8 59.1 ± 2.6 0.4 (-3.0–3.8) 60.1 ± 1.8 64.6 ± 2.4* 4.4 (0.3–8.5) 14
PWV (m.s-1) 6.0 ± 0.2 5.8 ± 0.1 -0.2 (-0.5-0.2) 5.9 ± 0.1 5.9 ± 0.1 -0.1 (-0.3–0.2) 5.8 ± 0.1 5.9 ± 0.1 0.1 (-0.1–0.4) 14
AIx@75 (%) 14.7 ± 2.8 14.0 ± 3.2 -0.7 (-5.3-3.9) 17.8 ± 3.3 13.9 ± 3.4* -3.9 (-7.6– -0.2) 14.2 ± 2.8 12.7 ± 2.5 -1.5 (-4.8–1.9) 14
Table 4 Effect of a low fat, high fat, or high fat meal with oats on cardiovascular characteristics.
*=p<0.05 vs. Pre-meal value; LCI=Lower 95% Confidence Interval, UCI=Upper 95% Confidence Interval
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explored this mechanism finding that a physiological dose of 
insulin resulted in decreased wave reflection in the aorta, but it 
took a pharmacological dose to produce an increase in forearm 
blood flow and a decrease in peripheral vascular resistance. This 
finding suggests that the decrease in wave reflection, hence AIx, 
is because of improved arterial compliance of arteries as opposed 
to changes in peripheral vascular resistance [33]. The reason for 
changes in AIx@75, independent of PWV supports the conclusion 
of McEniery et al. [37], that AIx@75 is the more sensitive marker 
of arterial compliance in younger individuals, and PWV is likely to 
be a better measure in older individuals.
This study also investigated the addition of oats to a high fat meal 
to determine their effects on arterial compliance; the reduction 
in Aix@75 following a high fat meal was abolished when oatmeal 
was consumed with a high fat meal. This is in agreement with the 
hypothesis that arise blood insulin increases vascular compliance, 
since a meal rich in oat β glucan blunted the post-prandial insulin 
rise [38]. Thus the major finding in this study was the decrease in 
AIx@75 following a high-fat meal, an effect which was abolished 
by the inclusion of oats. These results suggest that there is a 
unique mechanism that enhances arterial compliance following 
the consumption of food, possibly linked to the vasodilatory 
effects of insulin. AIx@75 was also significantly related to BMI 
and WC. To conclude it may be that AIx@75 is a more sensitive 
marker of arterial compliance in a young healthy population as 
compared with PWV. Post-prandial changes in arterial compliance 
are known to be a risk-factor for cardiovascular disease, thus 
dietary components affecting this response (e.g. oats) may 
have an important influence in modulating the physiological 
post-prandial response following a high-fat meal, an area which 
requires further clarification. Future research should therefore 
continue to use FMD, PWV, and AIx@75 in parallel to further 
explore the reliability of these measurements as a marker of 
arterial compliance in comparison with FMD, to ascertain the true 
nature of the post-prandial endothelium-mediated vasodilatory 
response.
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